An ontology-based approach for thermal energy management of eco-industrial park is proposed in this paper. The ontology captures core concepts of this domain as well as the relationships between them; together with instances, the ontology can serve as knowledge base for related energy management tools. The development of this application ontology is based on existing knowledge base, e.g. OntoCAPE in this paper. The advantages of ontology-based approach are shown by an application case, the case shows how ontology can overcome data heterogeneity both structurally and semantically through its own reasoning ability, then allow intelligent decision making by using disparate data from remote databases, which implies the possibility of self-optimization without human intervention in the future scenario. With properly designed cyber-infrastructure systems, the prospective application of the ontology-based approach can unleash the potential of artificial intelligence for eco-industrial park thermal energy management in the future.
Introduction
Based on synergy through cooperation between physically proximate businesses within a certain region, eco-industrial park (EIP) is becoming a popular form of industry cluster. In EIP, resources, including but not limited to materials, energy, water and information, can be reused at different levels, both intra-firm and inter-firm, such that collective benefits can be achieved [1] . Particularly for the energy network in EIP, thermal energy takes a great proportion. It is obvious that some exhaust heat from one entity may be useful in a neighborhood, which allows the possibility of linking them together through network. Many studies have investigated different methodologies that can be applied to EIP energy recovery, from generally qualitative analysis to quantitative simulation tools [2] . Yet almost all these design Available online at www.sciencedirect.com and optimization approaches need large-scale human intervention, which means some professionals with intact domain knowledge are responsible for the data analytics. Considering the fact that vast, heterogeneous and ever-changing data exists in EIP, these approaches may need to deal with countless pieces of information every day, as a result huge human resources may be consumed. From this sense, developing expert systems that can properly handle the complex, unstructured big data from EIP and be able to "self-configure, self-optimize, self-protect and self-heal" seems to be a promising trend in the future scenario of Industrial 4.0 [3] . Two requisites must be fulfilled at least in order to develop such an intelligent system: firstly, an explicit knowledge base that contains core concepts as well as the relationships between the concepts within the domain of discourse should be designed; secondly, the syntax and semantics of knowledge representation must be machine-interpretable to enable effective communication between machines. In this context, ontological approach becomes a perfect candidate due to its abilities in tackling aforementioned problems.
This paper represents such an ontology-based approach specifically for the domain of EIP thermal energy management. The fundamentals of ontology, the design of application ontology as well as the capabilities of such an approach are shown in this paper.
Ontology-based approach

What is ontology?
Ontology, philosophically representing "theory of existence", is defined as explicit description of domain conceptions and relationships between them in engineering science. While ontology has been an active tool in the community of artificial intelligence for some years; recently ontology is gaining popularity in many other disciplines, such as gene informatics, medical, energy etc. [4] [5] [6] The basic components of ontology are classes and properties. Classes denote concepts in real world; properties can be further classified into data property and object property, which describe the attributes of classes and relationships between classes respectively. Since ontology is formalized conceptualization, it needs to be populated with instances so that it can really make sense. Besides the human readable format of ontology given here, a machine-readable format of ontology is also needed to make it accessible to software agents, the most common modelling language in such forms is Web Ontology Language (OWL) [7] . In this case an OWL ontology is actually a Resource Description Framework (RDF) graph. RDF is a metadata data model in the form of subject-predicateobject expressions, which is usually referred to as a "triple". So essentially an ontology defined with OWL is no more than a collection of triples, the machine-readable format of most ontologies comply to RDF/XML syntax.
Why we need ontology?
The primary reason why we need ontology is that it is the backbone of expert system in artificial intelligence. A typical expert system consists of knowledge base and inference engine, while a knowledge base comprises of ontology and instances as shown in Figure 1 . Another reason why we need ontology is tightly related to the emerging trend of semantic web. Semantic Web is an extension of the current web which will "enable data to be shared and reused across application, enterprise, and community boundaries" according to the World Wide Web Consortium (W3C). It can be expected that during the data fusion process, many difficulties will emerge: for example, two databases from different sources may use different identifiers for the same concept in fact; or the statistics from one software agent can serve as feed stream for another software agent while the format heterogeneity between them will hinder the possibility of autonomous communication. In all these cases, we need ontology as sort of intermediary to enhance the performance of linked data. In a word, the flexibility of ontology to deal with complex, unstructured data that can't be relied on to fit a specific data model make it indispensable in data management of complex systems such as EIP.
Application ontology development
Back to the specific area of EIP thermal energy management, our task is to design an ontology that will capture the core concepts and the relationship between them so that the expert's understanding of this domain can be reused as basis of EIP thermal energy management tools. In development of ontology, it is always favorable to consider reusing existing ontologies. In this paper we refer to OntoCAPE as baseline for our work, OntoCAPE is a large-scale ontology for the domain of Computer Aided Process Engineering (CAPE), it aims to "represents all concepts that are related to materials processing and the corresponding operating devices". For each new application, extension of the OntoCAPE ontology is expected. In this paper, we only grasp the concepts about Organic Ranking Cycle (ORC) as a technology that can make use of the waste heat to show how the ontology-based approach can help us better design the waste heat recovery system, which is an important aspect of EIP thermal energy management. The proposed ontology is realized in Protégé which is an open-source ontology editor together with its embedded Hermit reasoner, which can conduct inference based on the ontology definition to test its soundness [11] . Next we are going to manipulate this simple ontology to demonstrate its capability in a real application.
Demonstration of capability
The increasing deployment of ontology-based approaches have proved their advantages in consistency checking, knowledge interoperability and data fusion etc. Here we will show the capabilities of such an ontology-based approach through the below case. In this case study, we assume in an EIP there are five different plants that have waste heat with different temperatures, whereas we have five different ORC cycles with different evaporation temperature configurations as listed in Table 1 . In such a context, we are trying to figure out how different plants can match different ORC cycles based on temperature comparison. This is a very easy task for humans but not necessarily for machines because of the following reasons:
Machine shall be aware of ORC can make use of waste heat so that the connection between them can be built; The information about ORC and plants might be stored at two separate databases. As a result, machine should be able to retrieve information from both sources, make use of the retrieved data, and then facilitate the decision making as shown in Figure 2 ; Different plants might refer to waste heat as different terminologies. For example, waste heat might be noted as "waste steam" in one plant, whereas might be noted as "exhaust" in another plant. For such cases machine should be smart enough to figure out actually "exhaust" and "waste steam" are equivalent. The reason why ontology can overcome structural data heterogeneity is obvious because all OWL files comply to unique syntax; while ontology's capability in increasing semantic interoperability is proved through its reasoning ability. Some back-end reasoning process will happen to facilitate the ontologybased integration. After we have an ontology, we can publish this ontology in the web and choose a Uniform Resource Identifier (URI) for it so that people can always find it when they want to reuse it. In our case, we do not have an available domain for putting the ontology, so we just store it locally. For the server side, we use Apache Jena Fuseki as a local host. The query language is SPARQL Protocol and RDF Query Language, which can retrieve data from RDF format database. The query designs and results are shown in Table 2 . The first query in Table 2 aims to find out all ORC cycles that can process waste steam from plant 5 (temperature of waste heat from plant 5 is 160 o C), the result is ORC cycle 1, 2, 3, 4, which obviously is identical to the solution gotten from humans; similarly, the second query successfully find out all waste steam that can be processed by ORC cycle 1(only plant 1 and plant 5 has waste heat temperature higher than 120 o C). The exciting result is from query 3 where we tap into information from two spatially different sources (with prefix rdfs and prefix whr respectively), successfully merge them in our predefined ontology, then get the results we want. This query aims to find all instances of class process step; this information is stored in the ontology file with whr as prefix; whereas the definition of instance is provided by another ontology file with rdfs as prefix. Given the condition that all these queries are based on machine-readable language, it means that the software agents based on ontology can make use of information from separate sources, this is also a feature that cannot be offered by other software architecture. 
Conclusion
An ontology-based approach for EIP thermal energy management is proposed in this paper. An application ontology for EIP thermal energy management is designed based on existing domain ontology. The serialization of such an ontology is realized in related software. The advantage of ontology is demonstrated through a case study, where ontology can successfully figure out synonyms WasteSteam and Exhaust through its own reasoning ability; moreover, the ontology-based approach, working together with SPARQL, demonstrates its capability of intelligent decision making by using disparate data from different sources. Since OWL is a totally machine-readable language, this harbors huge potential for smart factories in the future scenario of Industry 4.0. Further work will be done in expanding the domain ontology, validating the usefulness of this ontology-based approach through more applications, or even breaking out of the realm of virtual world by using properly designed sensors and actuators to see how ontology can actually allow the possibility of artificial intelligence in energy industry.
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